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A B S T R A C T
Chlorpyrifos (CPF) is one of the most widely used organophosphorous insecticides. There are links
between CPF exposure and neurological disorders. Mitochondrial damage has been implicated to play a
key role in CPF-induced neurotoxicity. Mitophagy, the selective autophagic elimination of mitochondria,
is an important mitochondrial quality control mechanism. However, the role of mitophagy in CPF-
induced neurotoxicity remains unclear. In this study, CPF-caused mitochondrial damage, role and
mechanism of mitophagy on CPF-induced neuroapoptosis were extensively studied by using SH-SY5Y
cells. We showed that CPF treatment causedmitochondrial fragmentation, excessive ROS generation and
mitochondrial depolarization, thus led to cell apoptosis. Moreover, CPF treatment also resulted in
increased colocalizaton of mitochondria with LC3, decreased levels of mitochondrial proteins,
PINK1 stabilization and mitochondrial accumulation of Parkin. These data suggested that CPF treatment
induced PINK1/Parkin-mediated mitophagy in SH-SY5Y cells. Furthermore, knockdown of Parkin
dramatically increased CPF-induced neuroapoptosis. On the other hand, overexpression of Parkin
markedly alleviated CPF-induced SH-SY5Y cell apoptosis. Together, these ﬁndings implicate a protective
role of PINK1/Parkin-mediated mitophagy against neuroapoptosis and that enhancing mitophagy
provides a potential therapeutic strategy for CPF-induced neurological disorders.
ã2015 The Authors. Published by Elsevier Ireland Ltd. This is an open access article under the CC BY-NC-
ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction
Prospective cohort studies have shown that prenatal or early
childhood exposure of chlorpyrifos (CPF) causes adverse neuro-
developmental outcomes, such as decreased head circumference,
poorer intellectual development and cognitive deﬁcits, mental and
motor delays, as well as neurodegenerative diseases (Bouchard
et al., 2011; Engel et al., 2007, 2011; Eskenazi et al., 2007; Freire and
Koifman 2012; Rauh et al., 2011;Whyatt et al., 2004). Experimental
studies have demonstrated that CPF exposure results in inhibition
of DNA synthesis, induces apoptosis and leads to adverse
neurodevelopmental problems (Aldridge et al., 2005; Canadas
et al., 2005; Gupta et al., 2010; Lee et al., 2012; Qiao et al., 2001;
Saulsbury et al., 2008).
Yet, the underlying mechanism of neurotoxicology induced by
CPF exposure remains not fully deﬁned. Mitochondria are the
major cellular source of excessive reactive oxygen species (ROS)
and are also vulnerable targets of ROS (Cho et al., 2010; Liesa et al.,
2009). Excessive mitochondrial ROS production leads to oxidative
damage to cellular components including mitochondrial proteins,
lipids and DNA, which in turn enhances ROS production and
further mitochondria damage, forming a vicious cycle. Mitochon-
drial damage leads to the release of proapoptotic proteins, such as
cytochrome c (cyt c), resulting in cell apoptosis. It was reported
that CPF exposure caused apoptosis in dopaminergic neuronal
components PC12 cells through inducing mitochondrial dysfunc-
tion and excessive generation of ROS (Lee et al., 2012). This
indicates thatmitochondrial damage and excessive ROS generation
may play an important role in CPF-induced neuroapoptosis. So,
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dehydrogenase Fe-S protein 3; ROS, reactive oxygen species; PINK1, PTEN-induced
putative kinase 1.
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removal of damaged mitochondria may play a protective role in
CPF-induced cytotoxicity.
Mitophagy, the selective elimination of mitochondria via
autophagy, is an important mechanism of mitochondrial quality
control in physiological and pathological conditions. Defects in
mitophagy have been implicated in a variety of human disorders.
The best well-known signaling pathway of mitophagy is
regulated by PTEN-induced putative kinase 1 (PINK1) and Parkin.
In healthy mitochondria, PINK1 is constitutively translocated into
mitochondria and cleaved by protease Parl1 on mitochondrial
inner membrane (Jin et al., 2010; Meissner et al., 2011). When a
subset of mitochondria become impaired and depolarized, PINK1,
which acts as a molecular sensor of damaged mitochondria, is
prevented from importing into mitochondria and consequently
accumulated on mitochondrial outer membrane, which in turn
recruits Parkin from cytosol to the damaged mitochondria
(Matsuda et al., 2010; Meissner et al., 2011). Once recruited,
Parkin ubiquitinates various substrates, thus results in the
induction of autophagic removal of damaged mitochondria
(Narendra et al., 2008). Accumulating evidences have demon-
strated that mitochondrial fragmentation is required for activa-
tion of mitophagy. However, mitochondrial fragmentation itself is
not enough to induce mitophagy, which needs some other factors,
such as ROS generation and mitochondrial depolarization (Frank
et al., 2012; Matsuda et al., 2010). Whether CPF exposure also
induces mitophagy remains unclear. Although Park et al. (2013)
have shown that enhancement of autophagy by rapamycin
alleviates CPF-induced apoptosis, whether mitophagy contributes
to the protective effect of autophagy on CPF induced cell death
remains unknown.
In the present study, we use SH-SY5Y cells as an in vitro
model to determine the role and regulatory mechanism of
mitophagy in CPF-induced neurotoxicity. In this study, we found
that CPF exposure decreased cell viability, increased apoptosis,
and induced mitophagy. Further exploration showed that
mitophagy played a cytoprotective role in CPF-induced apoptosis,
and PINK1/Parkin signaling was involved in CPF-induced
mitophagy.
2. Materials and methods
2.1. Reagents and antibodies
CPF was obtained from Sigma–Aldrich, and dissolved in
dimethyl sulfoxide (DMSO). Dulbecco’s modiﬁed Eagle’s medium
(DMEM)/F12 (1:1), fetal bovine serum (FBS), sodium pyruvate,
L-glutamine, penicillin–streptomycin and trypsin–EDTA were
obtained from Gibco. Primary antibodies against caspase-3,
cleaved caspase-3 and LC3 (microtubule-associated protein 1 light
chain 3) were purchased from Cell Signaling Technology. Primary
antibodies against TIM23 and nicotinamide adenine dinucleotide
dehydrogenase Fe-S protein 3 (NDUFS3) were obtained from
Abcam. PINK1 and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) antibodies were obtained from Novus and Sigma,
respectively. Tetramethylrhodamine ethyl ester (TMRE) was
purchased from Molecular Probes (Eugene, OR).
2.2. Cell culture and treatment
SH-SY5Y cells were obtained from American Type Culture
Collection (ATCC, Rockville, MD, USA), and grown in DMEM/
F12 medium supplemented with 10% FBS, 1% penicillin–strepto-
mycin (100U/ml of penicillin G and 100mg/ml of streptomycin),1%
glutamine and 1% sodium pyruvate. To avoid possible inhibition of
CPF by serum proteins, cells were treated with CPF, which were
dissolved in medium with 1% fetal bovine serum.
2.3. Generation of constructs and siRNA oligonucleotides
PINK1-ﬂag, myc-Parkin and Parkin-GFP were generated by PCR
ampliﬁcation and standard subcloning. To generate PINK1-ﬂag
plasmids, cDNA of human PINK1 was ampliﬁed and then inserted
between BamH1/HindIII of pcDNA3.1 myc his A () (Invitrogen). A
ﬂag tag sequence was added to the reverse primer of PINK1.
Similarly, human PARK2 cDNA was ampliﬁed and inserted
between EcoR1/HindIII of pcDNA3.1 myc his A () (Invitrogen).
A myc tag sequence was added to the forward primer of
PARK2. The Parkin-GFP-N1 plasmid was generated by inserting
PARK2 cDNA between BamH1/EcoR1 of pEGFP-N1 (Clontech).
pDsRed2-Mito was purchased from Clontech. Plasmid LC3-
GFP-N1 was purchased from Addgene.
Human Parkin siRNA (target sequence: 50-GGCCTGG
GCTGTGGGTTTGCC-30) and control siRNA oligonucleotides were
purchased from Shanghai GenePharma.
2.4. Cell viability assay
The cell viability of SH-SY5Y cells was assayed by using cell
counting kit-8 (CCK-8, DoJinDo Molecular Technology Inc.)
according to the instruction. Cells were seeded in 96-well plates
at 37 C in humidiﬁed 5% CO2 atmosphere. After incubation with
CPF for 6, 12, 24 or 48h, 10ml of CCK-8 solution was added into
each well and then incubated for another 4h. The absorbance
at 450nm was spectrophotometrically measured using a
microplate ELISA reader (Synergy HT, Bio-TEK, US). SH-SY5Y cells
cultured in DMEM/F 12 medium treated by 0.1% DMSO and
culture media without cells were used as negative and blank
controls, respectively. Following the deduction of the blank cell
absorbance, the proliferation ratewas expressed as a percentage of
the absorbance to control cell absorbance.
2.5. Measurement of intracellular ROS
The conversion of non-ﬂuorescent chloromethyl-DCFDA to
ﬂuorescent DCF was used to monitor intracellular ROS production
according to the instruction. SH-SY5Y cells growing in 24 well
plates were treated with CPF at a concentration of 100mM or
DMSO as a control for 6h. Cells were washed once with PBS,
then incubated in 1 buffer containing 10uM DCFDA for 30min at
37 C in the dark, and subsequently washed with PBS to remove
excess dye. DCFDA intensity was then detected by ELISA reader
(Ex: 485nm, Em: 535nm).
2.6. Mitochondrial membrane potential (DCm) assay
TMRE Mitochondrial Membrane Potential Assay Kit (Abcam)
was used to measure DCm of SH-SY5Y cells according to the
instruction. SH-SY5Y cells growing in 96-well plates were loaded
with 200nM TMRE (Molecular Probe) for 15min at 37 C. Cells
were washed once with 0.2% BSA in PBS and then read on a
ﬂuorescence plate reader with settings suitable for TMRE
(Ex: 549nm, Em: 575nm).
2.7. Line proﬁles analysis
Line proﬁles from the two ﬂuorescent channels were analyzed
by using the Image J red–green–blue (RGB) Proﬁler plug-in (Pidoux
et al., 2011). Brieﬂy, cells were transfected for LC3-GFP together
with mito-Dsred, and the ﬁxed cells on the coverslip were treated
with CPF or DMSO as a control. And multiple-channel line proﬁles
were drawn for the same particle in the corresponding merged
image. The line proﬁle implies the distribution of the two
ﬂuorophores on the given line analyzed.
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2.8. Live-cell imaging
Cells grown in a 20mm Glass bottom plate (catalog no.
801008, NEST) were co-transfected with 1mg pDsRed2-Mito and
1mg Parkin-GFP. 24h after transfection, pDsRed2-Mito and
Parkin-GFP positive cells were recorded at 90 s/interval at
37 C, humidiﬁed 5% CO2 for 3 h using confocal microscopy
(Leica) with a 100 objective lens plus ampliﬁcation by the
software Leica Application Suite Advanced Fluorescence (LASAF).
To minimize phototoxicity, the red channel and green channel
were imaged. Kymographs were generated with the Multi
Kymograph plug-in of the Image J software according to
the instructions of J. Rietdorf, European Molecular Biology
Laboratory, Heidelberg, Germany.
2.9. Cell counting analysis
To quantitate CPF-induced mitochondrial fragmentation, the
number of cells with fragmented mitochondrial and total cells in
three randomvision ﬁelds, each of which contains >100 cells, were
counted. The number of cells with fragmented mitochondria was
normalized to total cells. Three independent experiments were
performed. To quantitate CPF-induced mitophagy, the number of
cells showing colocalization between mito-DsRed and Parkin-GFP
was counted and normalized to the number of cells expressing
both mito-DsRed and Parkin-GFP. In each experiment, >200 cells
expressing both mito-DsRed and Parkin-GFP were calculated, and
three independent experiments were done. Similarly, the number
of cells showing colocalization between mito-DsRed and LC3-GFP
was counted and normalized to the total number of cells
expressing both mito-DsRed and LC3-GFP. In each experiment,
>200 cells expressing both mito-DsRed and LC3-GFP were
calculated, and three independent experiments were done.
2.10. Statistical analysis
Dates are expressed as mean SE. The signiﬁcance of variation
among different groups was determined by one-way ANOVA
followed by Dunnett’s multiple-comparison test. Difference
between the experimental group and the control group were
determined by Student’s t-test. p<0.05 was considered statisti-
cally signiﬁcant.
[(Fig._1)TD$FIG]
Fig. 1. CPF treatment causes neurotoxicity in SH-SY5Y cells.
(A) Representative images (20). SH-SY5Y cells were treated with various concentrations of CPF for 24h. Cell morphologywas observed by using contrast microscopy. DMSO
represents the vehicle. (B, C) Cell viability was measured by CCK-8 assay (n =5). (D, E) Western blot analysis of the expression of cleaved caspase-3 (n =3). Cells were treated
with various concentration of CPF for indicated time course, and then whole cell lysates were collected for western blot analysis. Data in panels B is expressed as mean SE
(n =5). *p<0.05, **p<0.01, with the respect to the control cells (DMSO).
74 H. Dai et al. / Toxicology 334 (2015) 72–80
3. Results
3.1. CPF treatment induces apoptotic cell death in SH-SY5Y cells
To determinewhether CPF has neurotoxic effects, SH-SY5Y cells
were treated for 24h with various concentrations of CPF.
Microscopic observations showed dramatic morphological
changes and a signiﬁcant decrease in the number of SH-SY5Y
cells in response to CPF treatment (Fig. 1A). CCK-8 assay was
performed to evaluate cell viability. Similarly, CPF caused a
concentration- (Fig. 1B) and time-dependent (Fig. 1C) decrease
in cell viability. To determine whether CPF induces apoptosis,
we determined the activation of cleaved caspase-3 by western
blot analysis. As show in Fig. 1E and F, CPF treatment induced
a concentration- and time-dependent expression of cleaved
caspase-3, suggesting the activation of caspase-3. Collectively,
these results suggest that CPF treatment causes cell apoptosis in
SH-SY5Y cells.
3.2. CPF induces mitochondrial damage and ROS generation in
SH-SY5Y cells
Mitochondrial morphology was determined by immunoﬂuo-
rescence staining with an antibody against mitochondrial
protein TIM23. As shown in Fig. 2A, mitochondria in control
cells were ﬁlamentous with a tubular or thread-like appearance
and were often interconnected to form a network. But after
50mM CPF exposure for 24h, the mitochondrial networks
in of SH-SY5Y cells were broken down and fragmented into
short rods or spheres. Cell counting revealed that >75% cells that
were exposed to CPF contained fragmented mitochondria
(Fig. 2B). Moreover, we determined the effect of CPF on ROS
generation. As shown in Fig. 2C, CPF exposure dramatically
increased the signals of ﬂuorescent DCF, suggesting an increase
in ROS generation. In addition, we determined the membrane
potential of mitochondria in SH-SY5Y cells exposed to CPF via
TMRE staining, As shown in Fig. 2D. Quantitative analysis
[(Fig._2)TD$FIG]
Fig. 2. Effect of CPF exposure on mitochondria and ROS generation.
(A) Representative images of mitochondria (Scale bars, 50mm). SH-SY5Y cells were treated with 50mM CPF for 24h. Then, cells were ﬁxed and stained with anti-
TIM23 antibody to labelmitochondria. DAPI stainingwas performed to label nuclear. Flourescence imageswere taken by Leica confocalmicroscope. (B, C andD) SH-SY5Y cells
were treated with 50mM CPF for 6 h. (B) Quantitative analysis of SH-SY5Y cells with fragmented mitochondria (N=3, n >100). (C) Quantitative analysis of intracellular ROS
generation. Cells were stained with DCFDA and the density of ﬂuorescent signals was measured. 10mM tbHP for 2h as a positive control. (D) Quantitative analysis of
mitochondrial membrane’s potential. The cells were stained with TMRE, and the density of ﬂuorescent signals was analyzed and normalized to protein quantity, 20mMCCCP
for 2h as a positive control. **p<0.01, with the respect to the control cells (DMSO).
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[(Fig._3)TD$FIG]
Fig. 3. CPF induces mitophagy in SH-SY5Y cells.
(A) Representative images (Scale bars, 10mm). SH-SY5Y cells were transiently transfected with GFP-LC3 (green) and mito-DsRed (red) to label autophagosome and
mitochondria, respectively. 24h after transfection, the cells were treatedwith 50mMCPF for 6h. The distribution of GFP-LC3 andmito-DsRedwas analyzed bymicroscopy. (B)
Line proﬁles: colocalization of LC3-GFP and mito-Dsred was deﬁned as overlapped red and green peaks. (C, D) Expression of mitochondrial proteins TIM23 and NDUFS3 in
cells treated for 24h with indicated concentrations of CPF. (C) Representative blots and (D) densitometric analysis of blots. (E, F) Expression of NDUFS3 in cells treated with
50mM CPF exposure at indicated time points. (E) Representative blots and (F) densitometric analysis of blots. (G, H) Effect of 3-MA on NDUFS3 expression. Cells were
pretreated with 3-MA (5mM) or DMSO for 12h before exposed to 50mM CPF (or DMSO) for 24h. (G) Representative blots and (H) densitometric analysis of blots. **p<0.01,
with the respect to the control cells (DMSO).
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showed that, similar to CCCP (carbonyl cyanide m-chlorophe-
nylhydrazone) that has been implicated to cause mitochondrial
depolarization, CPF signiﬁcantly decreased the ﬂuorescent
signal of TMRE in SH-SY5Y cells, suggesting that CPF causes
mitochondrial depolarization. Together, these ﬁndings demon-
strate that CPF exposure induces mitochondrial damage and ROS
generation.
3.3. CPF induces mitophagy in SH-SY5Y cells
In order to determine whether CPF exposure activates
mitophagy in SH-SY5Y cells, we initially examined the colocaliza-
tion of mitochondria with autophagosome by ﬂuorescent micros-
copy. To this end, SH-SY5Y cells were transfectedwith LC3-GFP and
mito-Dsred to label autophagosome and mitochondria, respec-
tively. 24h after transfection, the cells were then treated with
[(Fig._4)TD$FIG]
Fig. 4. CPF exposure promotes mitochondrial translocation of Parkin and stabilization of PINK1.
(A, B) SH-SY5Y cells were co-transfected with Parkin-GFP and mito-DsRed plasmids. 24h after transfection, the cells were treated with 50mM CPF for 6 h or 20mM CCCP for
2h as positive control. The distribution of Parkin-GFP (green) andmito-DsRed (red) was visualised by confocal microscopy. (A) Representative images (Scale bars, 25mm). (B)
Percentage of cells with mitochondrial Parkin-GFP. The number of cells with mitochondrial Parkin-GFP was normalized to total cells expressing both Parkin-GFP and
mito-DsRed (N=3, n >200). (C) Time-course of Parkin translocation andmitochondrial fragmentation. Live cell imaging analysis was performed using an Ultra View Live Cell
Imaging System after 50mM CPF treatment, and representative images at indicated time points were presented. (D, E) Western blot analysis of PINK1 expression. SH-SY5Y
cells were transfected with pcDNA3.1 or PINK1-ﬂag for 24h. Then the cells were treated with 50mMCPF for 6h or 20mMCCCP for 2 h as positive control. (D) Representative
blots and (E) densitometric analysis of blots. The vertical axis represents the ratio of full-length 62kd-PINK1 to 55kd-PINK1 normalized to negative control (DMSO). **p<0.01,
with the respect to the control cells (DMSO).
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50mM CPF for 6h. As shown in Fig. 3A and B, in control cells,
LC3-GFP were evenly distributed. However, in CPF-treated cells,
LC3-GFP aggregated and LC3-GFP puncta colocalized with mito-
Dsred labeled mitochondria, which suggested mitophagy. We
further determined the expression of mitochondrial proteins
TIM23 andNDUFS3 bywestern blot analysis. As shown in Fig. 3C–F,
CPF treatment resulted in concentration- and time-dependent
decreases in the levels of mitochondrial proteins, like TIM23 and
NDUFS3, which were conﬁrmed by densitometry of immunoblots
from three separate experiments. In order to conﬁrm whether the
reduction of mitochondrial proteins was resulted from the
enhanced mitophagy, cells were treated with 3-MA, an inhibitor
of autophagy, and then the expression of NDUFS3 was examined.
As shown in Fig. 3G and H, 3-MA treatment markedly inhibited
[(Fig._5)TD$FIG]
Fig. 5. The effect of knock down or overexpression of Parkin on the effects of CPF-induced apoptosis in SH-SY5Y cells.
(A, B) The effect of Parkin knockdown on CPF-induced apoptosis. 72h after transfection with Parkin siRNA or control siRNA. SH-SY5Y cells were treated with 50mM CPF for
24h. (A) Representative blots and (B) densitometric analysis of blots. (C, D) 48h after transfectionwith Parkin siRNA or control siRNA, SH-SY5Y cells were co-transfectedwith
LC3-GFP (green) andmito-DsRed (red) plasmids for another 24h, then the cells were treatedwith 50mMCPF for 6h beforeﬁxed for image analysis by confocalmicroscopy. (C)
Representative images (Scale bars, 25mm). (D) Percentage of cells containing colocalization of LC3-GFP (green) with mito-DsRed (red) (N=3, n >200). (E, F) The effect of
overexpression of Parkin on CPF-induced apoptosis. SH-SY5Y cells were transfected with myc-Parkin or pcDNA3.1 as control. 24h after transfection, the cells were treated
with 50mM CPF for 24h. (E) Representative blots and (F) densitometric analysis of blots. **p<0.01, ns represents not signiﬁcant, with the respect to the control group.
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reduction of NDUFS3. Collectively, these results indicate that CPF
exposure induces mitophagy in SH-SY5Y cells.
3.4. CPF-induced mitophagy is mediated by PINK1/Parkin pathway
Accumulating evidences demonstrate that PINK1/Parkin
pathway is critical for autophagic degradation of damaged
mitochondria (Novak, 2012). Therefore, we wanted to know
whether CPF-induced mitophagy is PINK1/Parkin dependent.
Initially, we determined whether CPF treatment caused mitochon-
drial accumulation of Parkin in SH-SY5Y cells. With regard to this,
SH-SY5Y cells were transfected with Parkin-GFP plasmids and
mito-DsRed plasmids, and then treated with 50mM CPF for 6h.
As shown in Fig. 4A and B, similar to CCCP, CPF treatment also
caused mitochondrial accumulation of Parkin-GFP. However, in
control cells, Parkin-GFP distributed evenly and diffusely. Cell
counting analysis revealed that >50% cells showed mitochondrial
translocation of Parkin after CPF treatment. Live cell image analysis
showed that after 50mM CPF exposure, mitochondrial trans-
location of Parkin occurred within 3h in SH-SY5Y cells (Fig. 4C).
PINK1 stabilization on mitochondria is requisite for mitochondrial
translocaiton of Parkin in mitophagy, so we examined the
expression of PINK1 in SH-SY5Y cells treated with CPF by western
blot analysis. As shown in Fig. 4D and E, CPF treatment
dramatically increased the level of full length 62 KD PINK1. Taken
together, these results suggest the involvement of PINK1/Parkin
pathway in CPF-induced mitophagy in SH-SY5Y cells.
3.5. PINK1/Parkin-mediated mitophagy is protective for CPF-induced
apoptosis
We then determined the role of mitophagy in CPF-induced
apoptosis in SH-SY5Y cells. Firstly, we determined the effect of
Parkin knockdown on CPF-induced apoptosis. We found that
Parkin siRNA resulted in partial restoration of CPF-induced
reduction of NDUFS3, and increase of CPF-induced cleavage of
caspase-3 (Fig. 5A and B), and a decrease in the colocalization of
LC3-GFP with mito-DsRed (Fig. 5C, and D). These results indicated
that Parkin siRNA inhibited CPF-induced mitophagy and provided
further evidence for the role of Parkin in CPF-induced mitophagy.
Moreover, in response to Parkin siRNA, the increased level of
cleaved caspase-3 caused by CPF also suggested that Parkin was
protective against CPF-induced apoptosis. Furthermore, enhancing
mitophagy through overexpression of Parkin before CPF treatment
markedly decreased caspase-3 activation (Fig. 5E and F). Taken
together, these results indicate that PINK1/Parkin-mediated
mitophagy is cytoprotective for CPF-induced apoptosis.
4. Discussion
The present study demonstrated that CPF exposure induced
PINK1/Parkin-mediated mitophagy, which was cytoprotective for
CPF-induced apoptosis in SH-SY5Y cells. We showed that CPF
treatment resulted in increased generation of ROS, mitochondria
fragmentation and mitochondrial depolarization. Further studies
showed that CPF exposure induced the colocalization of
mitochondria with autophagosome, stabilizaiton of PINK1 and
mitochondrial translocation of Parkin, indicating the induction of
PINK1/Parkin-mediated mitophagy. Besides, Parkin knockdown
was shown to inhibit CPF-induced mitophagy, and increased
CPF-induced apoptosis, whereas overexpression of Parkin
alleviated CPF-induced apoptosis through enhancing mitophagy.
These results indicated mitophagy is cytoprotective against
CPF-induced apoptosis.
Mitochondria are the major cellular source of ROS and also
vulnerable targets of ROS (Cho et al., 2010; Liesa et al., 2009).
Pesticides and environmental toxins such as rotenone and
paraquat have been shown to induce ROS generation (Czerniczy-
niec et al., 2011;Wang et al., 2011; Xiong et al., 2012). CPF exposure
was also reported to increase ROS generation in PC12 cells (Lee
et al., 2012). Here, we showed that CPF exposure increased ROS
generation in SH-SY5Y cells, further supporting the role of CPF in
inducing ROS generation. Collectively, these ﬁndings indicate that
the elevation of ROS production may be served as a common
mechanism for pesticides induced-cell death.
Mitochondria are also highly dynamic organelle that is engaged
in repeated cycles of fusion and ﬁssion. The maintenance of
mitochondrial dynamics is essential for maintaining normal
cellular function. Previous studies have shown that CPF exposure
caused a concentration-dependent decrease in mitochondrial
length, number and their movement in axons (Middlemore-Risher
et al., 2011). Here, we demonstrate that CPF exposure results
in signiﬁcant mitochondrial fragmentation (Fig. 2A and B).
Mitochondrial fragmentation is the result of enhanced ﬁssion
and/or decreased fusion, but the mechanism of CPF-induced
mitochondrial fragmentation remains poorly understood.
There is a complicated interplay between ROS and mito-
chondrial dynamic (Bhatt et al., 2013). Increased ROS is
implicated to induce mitochondrial fragmentation which in
turn can increase ROS generation (Westermann, 2010). Further
investigation will be needed to determine whether increased
ROS production is the cause of mitochondrial fragmentation
of SH-SY5Y cells under CPF exposure. Mitochondrial fragmenta-
tion has been shown to regulate mitochondria-dependent
apoptosis via increasing the insertion of pro-apoptotic proteins,
such as Bax and Bak into mitochondria (Lee et al., 2012;
Novak, 2012; Westermann, 2010). CFP-induced mitochondrial
fragmentation might contribute to the incidence of apoptosis.
So, blocking mitochondrial fragmentation by inhibiting
mitochondrial ﬁssion or promoting fusion will provide a direct
evidence for the role of mitochondrial fragmentation in
CPF-induced apoptosis.
Accumulating studies have implicated the involvement of
autophagy in various biological and pathological processes. For
example, up-regulation of autophagy is implicated in infections,
neurodegenerative and myodegenerative diseases, cardiomyopa-
thies, and cancer (Martinez-Vicente and Cuervo, 2007). Recently,
Park et al. (2013) showed that autophagy was activated during CPF
treatment, and enhancing autophagy by rapamycin alleviated CPF-
induced cell death, suggesting that autophagy is cytoprotective
during CPF-induced cytotoxicity. Accumulation of damaged
mitochondria causes excessive oxidative stress and cell death
(Cho et al., 2010), so removal of damaged mitochondria may
prevent cell death. Based on this conception, we hypothesized that
mitophagy might contribute to the cytoprotective effects by
removing damaged mitochondria. In mammalian cells, mitochon-
drial depolarization is the most well documented factor of
mitophagy. For example, CCCP, a mitochondrial-uncoupling
reagent, has been shown to induce mitophagy in different cell
types. Moreover, it was reported that mitochondrial fragmentation
is required for activation of mitophagy. However, mitochondrial
fragmentation itself is not enough to induce mitophagy, which
needs some other factors such as ROS generation and mitochon-
drial depolarization (Frank et al., 2012;Matsuda et al., 2010). In this
study, we showed that CPF induced ROS generation and
mitochondrial depolarization in SH-SY5Y cells. So, we hypothe-
sized that CPF inducedmitophagy. In supporting of this hypothesis,
we have shown in this study, CPF exposure can induce mitophagy
in SH-SY5Y cells, as manifested by the increased colocalization of
LC3-GFP with mito-DSred (Fig. 3A and B), and decreased level of
mitochondrial inner membrane proteins TIM23 and NDUFS3
(Fig. 3C–H). In addition, this is consistent with the conception
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that ROS generation and mitochondrial depolarization is required
for mitophagy activation.
PINK1/Parkin pathway is the most well documented signaling
pathway in mitophagy. In response to mitochondrial depolariza-
tion, full length PINK1 accumulates on mitochondrial outer
membrane, which then recruits Parkin to the damaged mitochon-
dria. Once recruited, Parkin ubiquitinates various substrates
to induce and promote autophagic removal of damaged mito-
chondria (Geisler et al., 2010; Jin et al., 2010; Jin and Youle, 2012).
Our study demonstrate that PINK1/Parkin pathway is involved in
CPF-induced mitophagy, which is supported by the following
evidences. Firstly, CPF treatment increased the level of full length
PINK1 (Fig. 4D and E); Secondly, CPF exposure induced the
mitochondrial translocation of Parkin (Fig. 4A–C). In addition to
PINK1/Parkin, several other proteins, such as such as BNIP3
(Bcl-2/adenovirus E1B 19kD-interacting protein 3) and Nix, have
been also implicated to mediate mitophagy. So, it will be
interesting to determine whether these proteins are also involved
in CPF-induced mitophagy.
Substantial evidence has implicated that mitophagy plays a
protective role in various pathological conditions by removing
damaged mitochondria. In this study, we found that inhibition of
mitophagy by Parkin knockdown increased CPF-induced apoptosis
(Fig. 5A–D). However, overexpression of Parkin signiﬁcantly
suppressed CPF-induced apoptosis in SH-SY5Y cells (Fig. 5E and
F). These ﬁndings implicate that mitophagy plays a protective role
in CPF-induced cell death.
Overall, our study demonstrated for the ﬁrst time that CPF
exposure induces PINK1/Parkin-mediated mitophagy, which
alleviates CPF-induced apoptosis. These ﬁndings will further our
understanding on the molecular mechanism of CPF-related
neurological disorders. Moreover, the ﬁndings in present study
also suggest that enhancing mitophagy provides a potential
therapeutic strategy for CPF-induced neurological disorders.
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